In this study, we aimed to evaluate to what extent different assays of innate immunity reveal similar patterns of variation across ungulate species. We compared several measures of innate antibacterial immune function across seven different ungulate species using blood samples obtained from captive animals maintained in a zoological park. We measured mRNA expression of two receptors involved in innate pathogen detection, toll-like receptors 2 and 5 (TLR2 and 5), the bactericidal capacity of plasma, as well as the number of neutrophils and lymphocytes. Species examined included aoudad (Ammotragus lervia), American bison (Bison bison bison), yak (Bos grunniens), Roosevelt elk (Cervus canadensis roosevelti), fallow deer (Dama dama), sika deer (Cervus nippon), and Damara zebra (Equus quagga burchellii). Innate immunity varied among ungulate species. However, we detected strong, positive correlations between the different measures of innate immunity-specifically, TLR2 and TLR5 were correlated, and the neutrophil to lymphocyte ratio was positively associated with TLR2, TLR5, and bacterial killing ability. Our results suggest that ecoimmunological study results may be quite robust to the choice of assays, at least for antibacterial innate immunity; and that, despite the complexity of the immune system, important sources of variation in immunity in natural populations may be discoverable with comparatively simple tools.
Introduction
Innate immune responses are important both for rapidly marshaling the body's defenses following pathogen exposure and for initiating adaptive immune responses which can help confer long-term protection [1] . There are many components of the vertebrate innate immune system that can be targeted for study, including recognition elements, effector proteins, and cells. Pathogen recognition receptors (PRRs) recognize conserved microbial components, such as proteins, lipids, or nucleic acids, and several cell types express PRRs, such as toll-like receptors (TLRs), Nod-like receptors, and RIG-I (retinoic acid-inducible gene I) like receptors [2] . PLOS Engagement of PRRs with their appropriate ligands leads to cellular signaling events that can drive immune responses [3] . The resulting inflammatory response can induce the production of many components, such as acute phase proteins and proteins of the complement pathway, which have antimicrobial properties and are part of the innate immune response [4] . Cellular signaling during the innate immune response can also serve to recruit particular leukocytes, such as neutrophils and macrophages, which are known to phagocytose pathogens [5] . Neutrophils have potent antibacterial capabilities when activated. Thus, multiple immune parameters are available for measuring innate immune defenses. As such, for ecoimmunological studies, it is important to evaluate to what extent the choice of immune marker is likely to alter study conclusions and to avoid redundancy between assays. Assay choice for ecoimmunological studies is fraught with limitations related to multiple factors including, but not limited to, the practicality of working in field environments, the lack of species specific or validated cross-reactive reagents, and cost. Therefore, choosing the appropriate immunological measures to evaluate immune mechanisms in a study system is the most basic question to studying wildlife ecoimmunology [6] . However, the ideal immunological assay strategy for a laboratory setting is often not feasible in the field due to the lack of mobile equipment and an appropriate lab space. Additionally, small amounts of sample material, such as blood, often limit the number and types of assays which can be performed. A successful wildlife ecoimmunology study depends on efficiency and limiting the ecoimmunology toolkit to the minimum assays required to answer the research question in mind.
Innate immune defenses are frequently evaluated in ecoimmunological studies, due to their importance as the immediate defense against pathogen invasion [7] . In this report we used multiple measures to assess innate antibacterial immune defenses from a single blood sample in seven wild ungulate species maintained in a zoological park. Our ecoimmunology toolkit to measure innate immune defenses included expression of toll-like receptor 2 (TLR2) and tolllike receptor 5 (TLR5) in leukocytes, determining the ratio of neutrophils to lymphocytes (calculated from absolute numbers of neutrophils and lymphocytes in blood samples), and measuring the bactericidal abilities of plasma using a bacterial killing assay (BKA). TLR2 is a PRR which, in combination with either TLR1 or TLR6, recognizes many bacterial-derived products such as lipoproteins and peptidoglycan [8] which are present in most bacterial species at varying levels. TLR5 is a PRR which recognizes bacterial flagella [9] , which are expressed by nearly all bacteria. Neutrophils are one class of leukocyte that are present in high abundance and have potent antibacterial capabilities when activated. The ratio of neutrophils to lymphocytes (NLR) is an important clinical measure of inflammatory status [10] and physiological stress [11] , and normal ranges vary between species [12] . Increased NLR is an indication of inflammation, which may also increase those plasma components that have antibacterial properties. A bacterial killing assay (BKA) directly measures the ability of plasma to kill a laboratory strain of bacteria and has been used as a proxy for innate immune competence [13] . In whole blood, leukocytes, such as macrophages and neutrophils, kill bacteria, but the mechanism that allows plasma to kill bacteria is less clear. The complement system is likely involved [14, 15] , as heat inactivation of plasma showed decreased bactericidal activity [16] . However, several other antibacterial proteins and peptides are present in blood (e.g. cathelicidins, defensins) which may also contribute to the total antibacterial innate immune response [17, 18] .
Ungulates provide a tractable, ecologically and economically important taxon to investigate questions in ecoimmunology and disease ecology [19, 20] since ungulates commonly interface with domestic livestock resulting in infectious disease spillover [21] . Despite their ubiquity, wild ungulates are a clade of animals whose immune functions have been relatively understudied. One factor complicating the study of wild ungulate immune defenses, is that immobilization drugs and capture stress can alter some blood test results [22, 23] , while some immunological assays in other animals are robust to capture techniques [24] . The sensitivity of some immunological assays to animal capture and handling might obscure patterns of variation due to ecological drivers that are of interest in ecoimmunological studies. However, in this study, we were not attempting to identify drivers of the immune defense; instead, we focused on testing whether different assays for antibacterial innate immunity are likely to yield congruent patterns. Thus, we hypothesized that TLRs, NLR, and BKA would correlate within individual animals and across ungulate species, indicating that the choice of innate immunological assay should not affect the patterns detected in ecoimmunological studies qualitatively.
Materials and methods

Sample collection
Blood was collected from captive adult ungulates at Wildlife Safari in Winston, Oregon in collaboration with the park and veterinary staff. Table 1 lists the animal species studied. Immobilizations were performed as early in the morning as possible to minimize the risk of hyperthermia. The animal was immobilized with an air rifle dart containing a mixture of drugs delivered intramuscularly. The anesthesia protocol was tailored to each species. Carfentanil or thiafentanil (Zoopharm), xylazine (VetOne), and ketamine (VetOne) were used in combination to immobilize the larger ungulates (>150 kg); while telazol (Zoetis) and xylazine were used in the smaller ungulates (<150 kg). When the animal was immobilized, a physical exam was performed, and routine veterinary care (intravenous catheter and fluids, dart wound care, and hoof trimming) was provided. Heart rate, respiratory rate, and temperature were monitored at 5-minute intervals for the length of the sedation (approximately 20 minutes in most animals). Time to blood sampling ranged from 5-20 minutes. Blood samples (approximately 5 ml) were collected from jugular or lateral saphenous veins and placed in heparinized tubes. Time of blood draw to blood testing varied from 30 minutes to 2.5 hours. For reversal, naltrexone (Zoopharm) was administered intravenously, and atipamezole (Zoetis) was administered intramuscularly. Animals were monitored during the time immediately following recovery and then periodically throughout the rest of the day. Plasma was isolated in heparinized tubes by centrifugation in a Vetlab Combispin Centrifuge, and 500 μl aliquots of plasma were stored at -80˚C.
Leukocyte differential analysis
Total and differential white blood cell counts were used to quantify the leukocytes present in the animal's blood. Total white blood cell count was obtained using a HemaTrue analyzer (Heska SN 61372) in Wildlife Safari's veterinary laboratory. The cow setting was used for Table 1 . Adult animals included in the study. The following animals were immobilized and sampled at Wildlife Safari (2013-2014). cervids and bovids while the horse setting was used for zebra. Differential counts were performed from a blood smear slide made on the day of capture and stained with Diff-Quik. Absolute numbers of each leukocyte type were determined by multiplying the total white blood cell count by the differential percentages.
Bacterial killing assay
The bacterial killing assay (BKA) has been modified from techniques introduced by Tieleman et al. [25] and French & Neuman-Lee [26] , but rather than measure bacteria concentration at a selected endpoint, the time to the exponential growth phase was measured, which is determined by the initial concentration of bacteria in the solution. The DH5α laboratory strain of Escherichia coli containing the gentamycin resistance plasmid pJN105 [27] was used as a target for killing by plasma components using a previously established protocol [16, 28] . Briefly, 5 colonies from an agar plate were collected using a BBL™ prompt and diluted in sterile phosphate buffered saline, and 30 μl (approximately 20,000 CFU) was distributed to each well of a 96-well plate. Frozen plasma samples were thawed for the first time in an ice water bath and were diluted 1:75 in PBS, and 50 μl was mixed with the bacterial solution in the plate wells and incubated for 30 minutes at 37˚C. Tryptic soy broth (100 μl, with 10 μg/ml gentamycin) was then added to the wells, and the plate was incubated with gentle agitation at 37˚C. Starting at 5 hours, and every hour thereafter, the absorbance of each well at 600 nm was recorded and plotted as a function of time. Each sample was run in triplicate on a different plate, and the three plates were run at the same time. The growth curve was fitted with a sigmoidal curve, using GraphPad Prism version 6.07, GraphPad Software, La Jolla, California, USA, and the time to 50% growth for each sample was determined. Additional wells lacking plasma but containing increasing dilutions of the initial starting concentration of bacteria were also included on each plate to generate a standard curve. The time to 50% growth for each standard was plotted as a function of percent dilution and fitted with a linear regression. The line of best fit was used to determine the percent reduction of bacteria in each sample (i.e., the longer the time to 50% growth, the more efficiently plasma was killing bacteria). The triplicate results were averaged to calculate the percent-reduction in bacteria. If no growth was observed, then the result was deemed 100% reduction in bacterial growth.
RNA isolation and cDNA synthesis
Leukocytes from~5 ml of whole blood collected in heparinized tubes were isolated by centrifuging blood collection tubes for 20 minutes at 1,500 RCF. The buffy coat was gently removed using a disposable transfer pipet, and contaminating erythrocytes were eliminated by lysing in ammonium-chloride-potassium lysing buffer. Leukocytes were washed in PBS and pelleted. Total RNA was extracted using Macherey-Nagel NucleoSpin RNA isolation kits following the manufacturer's recommended guidelines. To generate cDNA, 5 μl of RNA was combined with 15 μl water and added to an RNA to cDNA EcoDry Premix reaction tube containing oligo dT primers (Clontech) following the manufacturer's recommended guidelines.
Primer design
To 1 were used to construct the TLR5 primer. These mRNA sequences were uploaded from the NCBI database and aligned using ClustalW (Lasergene Software, Megalign program). The aligned sequences were reviewed, and homologous areas were investigated as possible primer sequences. The primer sequence needed to have no more than three degenerate bases and be within 250 base pairs of each other. The primer sequences and the expected length and average molecular weight of the replicated sequence are listed in the supporting information (S1 Table) . Primers were purchased from IDT and validated using a random cDNA sample as a template in a polymerase chain reaction (PCR). Primers were resuspended in distilled water and 0.16 μMol of each forward and reverse primer was mixed with 1 μl cDNA, 22 μl of water, and 25 μl of 2X FideliTaq PCR Master Mix (Affymetrix) and cycled at 95˚C for 15 seconds, 53˚C for 15 seconds, and 68˚C for 30 seconds for a total of 35 cycles. PCR products were examined by gel electrophoresis to ensure the correct size, and DNA was purified using a PCR purification kit (Macherey-Nagel) according to the manufacturer's instructions. The concentration of the purified PCR product was determined using a Qubit 2.0 fluorometer (Invitrogen) and converted from ng/μl to copies/μl. The DNA solution was diluted in serial 10-fold dilutions and used to generate a standard curve in the subsequent quantitative PCR reactions. Our primers (sequences: S1 Table) amplified a PCR product of the predicted size in all ungulate species tested (S1 Fig) and could be used in quantitative PCR reactions.
Quantitative PCR
Quantitative PCR was completed using Fast SYBR Green (Applied Biosciences) technology and analyzed on a StepOnePlus (Applied Biosystems) thermocycler set for fast analysis. Each PCR reaction contained 0.16 μMol of each primer, 0.5 μl of cDNA, 11.5 μl of water, and 12.5 μl 2X Fast SYBR Green master mix for a total of 25 μl. The reaction was added to a well of a 96-well plate (ABI) and cycled with a run method of one 10 minute 95˚C time period and then 40 cycles of 15 second 95˚C denaturing phase, 10 second 53˚C annealing phase, and 30 second 72˚C extension phase. A final melting curve analysis was performed for each plate to ensure that only one product was present. The cycle threshold (Ct) number for each cDNA sample was calculated using StepOne Software for StepOnePlus Real-Time PCR systems (Applied Biosystems) for all three genes. Each transcript target was run in technical triplicates and averaged. To convert Ct values to copies/μl, a standard curve was generated for each gene product and each plate run using the previously described PCR standards. TLR proteins are expressed on a variety of cell types, including leukocytes, to a varying extent. TLR2 and TLR5 copies were subsequently normalized by dividing the copies/μl for each TLR gene by the GAPDH copies/μl, and the resulting ratio was used for subsequent analysis.
Statistical analysis
Animals captured were predominantly female (Table 1 ) and were mostly deemed clinically healthy by Wildlife Safari veterinary staff. Some animals immobilized for treatment of minor ailments were included in the study (S2 Table) . A conservative one-way independent ANOVA power analysis showing seven groups of three samples, a large effect size of 50%, and a significance level of 0.05, showed a 23.9% chance to find significant differences confirming that we could find some strong relationships despite our small sample sizes. Non-normal distributions of the independent variables (TLR2, TLR5, plasma BKA, and NLR) were confirmed with a Shapiro-Wilk's test, and the data were log-transformed for use in linear models. An ANOVA with Tukey's honest significant difference (HSD) test was used to test for all pair-wise differences in immune measures between species. To confirm these differences, a permutational multivariate analysis of variance (PERMANOVA) was used to compare the immune measures to species or family. To evaluate individual level relationships between innate immune measures, linear mixed models were used. Species were used as a random effect since differences in immune measures were expected between species.
Example model : Log ðTLR2Þ � Log ðTLR5Þ þ ð1jspeciesÞ
Other linear mixed models added sex as an explanatory parameter to examine if sex influenced correlations. Normality testing and Tukey's HSD ANOVA were implemented using R version 3.4.3 (R Core Team, 2017). PERMANOVA used the vegan package [29] and used a Bonferroni correction. The lme4 package [30] used restricted maximum-likelihood (REML) for linear mixed models, and R 2 for linear mixed models was calculated using R S 2 [31] .
Results
Immunological variation between ungulate species
We measured several different aspects of innate, antibacterial immune responses in ungulates and grouped the results by species to determine which, if any, parameters varied between species. Analysis of the data revealed some interesting patterns. Zebra had the highest expression of TLR2 ( Fig 1A) which was significantly greater than bison and yak, though not significant when compared to other species. Zebra also expressed more TLR5 transcripts than all other ungulates ( Fig 1B) and there was some variation between other species, such as sika deer expressing significantly more TLR5 than elk, yak, and fallow deer but were not statistically different when compared to aoudad and bison ( Fig 1B) . Absolute neutrophil counts displayed wide variation within species and between species and there were no statistically significant differences between species (Fig 1C) . However, absolute lymphocyte counts did show some species to species variation with fallow deer having the fewest numbers ( Fig 1D) and bison and yak with the most lymphocytes. In general, it appears that cervids tended to have a lower lymphocyte count and thus a higher NLR than the other species (Fig 1D and 1E) . No difference was observed in the ability of plasma to kill bacteria between species (Fig 1F) . PERMANOVA analysis of the overall suite of innate immune defenses detected significant differences between fallow deer and elk (p = 0.021) and fallow deer and sika (p = 0.021) and borderline significance between cervids and bovids (p = 0.06), but small sample sizes may have obfuscated other significant variation. Thus, some measures of innate antibacterial immune parameters differ between species, while others remain constant.
Correlation among immune metrics
We next determined if the varying innate immune parameters measured showed positive correlations with each other ( Table 2) . To do this, we constructed mixed linear models with each parameter held as the dependent variable. Because we did observe some variation in immune parameters between species (Fig 1) , species was held as a random effect. We found positive correlation between the following immune measures: TLR2 and TLR5, NLR and TLR2, NLR and TLR5, and NLR and BKA (Fig 2) . TLR2 and TLR5 were positively correlated (β = 0.744, SE = 0.216, p = 0.002, R S 2 = 0.287). Additionally, the NLR positively correlated with TLR2 (β = 0.249, SE = 0.105, p = 0.023, R S 2 = 0.113), TLR5 (β = 0.360, SE = 0.172, p = 0.044, R S 2 = 0.129), and BKA (β = 0.497, SE = 0.218, p = 0.029, R S 2 = 0.091). Sample sizes were too small to resolve Table 2 . Summary of mixed-effect models comparing innate immunity measures. Linear mixed models (see Methods) were used to find correlations between neutrophil to lymphocyte ratio (NLR), toll-like receptors 2 and 5 (TLR2 and 5), and a plasma bacterial killing assay (BKA). All parameters were log-transformed. Species was used as a random effect. The estimates of dependent variables are displayed with standard error below in parentheses. Asterisks designate significance. correlations of immune measures within a species. If we include sex in the mixed linear model, sex is never a significant parameter in the outcomes and the previous relationships all remain significant.
Discussion
In this study, we describe comparisons of immune parameters related to innate defenses against bacterial pathogens across seven wild ungulate species. We found that different parameters of innate immune defense (TLR2 and TLR5 expression, NLR, and BKA) were correlated significantly and positively within individuals across our seven study-species and found clear differences in the innate immune mechanisms in the ungulates studied. Despite the lack of stimulation and chronic disease in our study animals, the data suggest that both TLRs tended to covary in ungulates. TLR2 stimulation may alter the expression of TLR5 as expression of TLR5 is upregulated in neutrophils from patients with cystic fibrosis in response to TLR2 stimulation [32] . Harada et al. [33] noted increased expression of both TLR2 and TLR5 in human biliary epithelial cells exposed to interferon gamma (IFNγ) while Homma et al. [34] found that IFNγ in combination with other stimulants upregulated TLR2 but not TLR5 in human respiratory epithelial cells, suggesting that there may be cell type specific expression patterns. TLR2 and TLR5 expression differences have been noted in macrophage-like cells as well: infection with Borrelia burgdorferi upregulated both TLR2 and TLR5 expression in microglial cells, but only TLR2 was upregulated in monocytes [35, 36] . Exploring the interplay between simultaneous TLR2 and TLR5 expression would be an interesting future study. Not only were TLR2 and TLR5 transcripts positively correlated with each other but also with NLR. Neutrophil abundance is often used as a measure of innate immune competence in comparative studies [6] , and neutrophils are known to express TLRs, so it is perhaps not surprising that TLR transcript levels were elevated in the presence of increased NLR. Previously, it has been shown that neutrophil count is positively correlated to the ability of plasma to kill bacteria [13] or increase together in a specific treatment [27, 37] ; perhaps suggesting that coordinated antibacterial innate immune responses result in both higher levels of plasma proteins (i.e. complement) and cellular effector populations (i.e. neutrophils). Though we did not directly measure it, activation of the complement system can have a direct effect on neutrophils as the cleaved C3 and C5 proteins (C3a and C5a) act as anaphylatoxins and recruit neutrophils to the sites of activated complement [38] . Interestingly, while neutrophil abundance did not vary between species, the NLR did vary. Bovids tend to have higher lymphocyte counts than other species [39, 40] , and we do find elevated levels of lymphocytes in species such as yak and bison, which may explain the lower NLR in these animals. However, the NLR did positively correlate with BKA when species was held as a random effect in our model, suggesting that this relationship was not due to a species-specific effect. Summarizing the positive correlations of innate immune defenses, we find the TLR transcripts correlate with each other, and TLRs and BKA correlate with NLR. As such, our results document striking positive covariance between innate, antibacterial immune mechanisms.
A common objective in ecoimmunological studies is measuring an accurate and relevant snapshot of immune function in wild species. Studies must treat these often-simple measurements as proxies for the entire complex immune response [41] and interpret them in the context of ecological characteristics [42] . The assumption that observed immunological patterns are robust to the choice of immune measure is essential for interpreting and comparing trends across ecoimmunological studies but has rarely been tested. We found positive correlations between measures of innate immune surveillance (TLR2, 5), available effector cells (NLR), and functional antibacterial defense (BKA), validating the notion that different assays commonly used in ecoimmunological studies, are likely to yield similar patterns of interspecific variation in innate immunity.
Future work will need to be undertaken to determine if these broad patterns of concordance among innate, antibacterial immune responses occur in animals exposed to particular bacterial pathogens. While our data demonstrate positive correlations with innate immune surveillance and the killing of a laboratory strain of bacteria chosen for its reliability in this assay, we do not know if this will translate into increased protection against specific pathogenic bacteria. It will also be necessary to extend these findings into a field setting rather than a zoological one, as captivity may have profound effects on immune responses [43, 44] . Finally, it will be important to determine if these patterns are routinely observed within individuals of a singular species, which will undoubtedly require increased sample sizes to fully appreciate. It is our hope that this work will encourage further research to compare across common ecoimmunological assays evaluating adaptive immune mechanisms and studies including a broader range of taxa.
Supporting information S1 Fig. Representative TLR2 and TLR5 PCR products from all seven species tested. RNA from each indicated species was converted to cDNA and used as a template for PCR with primers designed to amplify TLR2 or TLR5. PCR products were resolved by gel electrophoresis on a 2% agarose gel and visualized using ethidium bromide to stain DNA. A DNA ladder with Correlations were found between neutrophil to lymphocyte ratio (NLR), toll-like receptors 2 and 5 (TLR2 and 5), and a plasma bacterial killing assay (BKA). BKA did not correlate with the TLRs. TLR2 and TLR5 were positively correlated (A, β = 0.744, SE = 0.216, p = 0.002, R S 2 = 0.287). Additionally, the NLR positively correlated with TLR2 (B, β = 0.249, SE = 0.105, p = 0.023, R S 2 = 0.113), TLR5 (C, β = 0.360, SE = 0.172, p = 0.044, R S 2 = 0.129), and BKA (D, β = 0.497, SE = 0.218, p = 0.029, R S 2 = 0.091).
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